a r t i c l e s permeability and activity over their linear counterparts. A number of synthetic and biotransformation strategies now exist for the generation of macrocyclic peptides for biology, but problems remain at a practical level, in terms of limitations on substrate diversity, yield and expense 17 . In nature, nonribosomal peptide macrocyclization is carried out by thioesterase (TE) domains, which contain the same Asp-His-Ser catalytic triad as serine proteases 18, 19 . The substrate is first bound to a peptidyl carrier protein by a thioester linkage and then transferred (by transacylation) to the active site serine of a TE domain, forming a classical acyl-enzyme intermediate 20 . The N-terminal amine of the peptide then attacks the ester carbonyl, displacing the serine to form the macrocycle.
By analogy, macrocyclization of cyanobactins has been proposed to proceed via an acyl-enzyme intermediate 14 that is attacked by the N terminus of the cassette to yield the macrocycle. However, TE domains and PatGmac work on quite distinct chemical entities; the activated thioester is a very different substrate from the peptide bond. PatGmac, with its ability to handle simple nonactivated peptide substrates, is potentially very valuable for organic synthesis and biotechnological applications. We set out to determine how the macrocyclase achieves this chemistry and the molecular basis of substrate recognition. We report the structure of a macrocyclase domain (PatGmac) in complex with a substrate mimic and characterize the enzyme biochemically. We have used these data to rationalize both PatGmac's mechanism of macrocyclization and its recognition requirements. We have demonstrated this understanding by engineering altered specificity into the enzyme and enhancing its catalytic rate.
RESULTS

Overall structure of the PatG macrocyclase domain
The macrocyclase domain of PatG (PatGmac, residues 492-851) was overexpressed in Escherichia coli BL21 (DE3) cells and purified using established protocols 21 . The retention profile from gel filtration indicated that the domain was a monomer. The protein formed crystals belonging to the space group C2, with two biological monomers in the asymmetric unit. The structure was determined at 2.19-Å resolution by molecular replacement using the subtilisin Bacillus Ak.1 protease (AkP) (PDB: 1DBI) as a search model. Table 1 shows the data collection and refinement statistics. The refined model (PDB: 4AKS) includes residues 514-653, 659-685, 694-717, 728-745, 754-822 and 835-851 in chain A and residues 515-650, 660-688 and 692-850 in chain B. The missing residues are in loops and at the N terminus and are presumed to be disordered. PatGmac has a spherical shape with dimensions of approximately 53 Å × 42 Å × 48 Å. The protein contains a seven-stranded parallel β-sheet with two α-helices on each face, a fold common to all subtilisin-like proteases (Fig. 2a) . However, the conserved metal ion of subtilisin-like proteases is not present in PatGmac, as the binding site is destroyed by sequence changes. PatGmac contains a catalytic triad consisting of Asp548 (located at the C terminus of the β-strand β1), His618 (in the middle of α4) and Ser783 (at the N terminus of α7). The carboxyl group of Asp548 is hydrogen-bonded to the side chain of His618 (2.9 Å), which is in turn hydrogen-bonded to the side chain of Ser783 (2.7 Å) (Fig. 2a) .
Comparison of subtilisin-like protease AkP and PatGmac
The amino acid sequences of the subtilisin-like protease AkP and PatGmac are 28% identical, and pairwise superposition gives a Cα r.m.s. deviation of 1.23 Å over 145 structurally equivalent residues. The most striking difference is that PatGmac contains a helix-turn-helix insertion between β2 and α4 (residues Ala574-Lys610) that sits above the active site ( Fig. 2a and Supplementary Fig. 1a) ; we denote this as the macrocyclization insertion. Eight of the residues in the insertion form a two-turn N-terminal extension of α4 when compared to the typical subtilisin structure. This results in the catalytic histidine being in the middle of this helix rather than at the end (Supplementary Fig. 1b) . The other 29 residues form a helix-turn-helix motif. Four cysteines, which are highly conserved in PatG and its homologs ( Supplementary  Fig. 2 ), make two disulfide bonds: Cys685-Cys724 and Cys823-Cys834. The Cys685-Cys724 disulfide bond in PatGmac is different from that seen in subtilisins. Cys137 of AkP is equivalent to Cys685 of PatGmac, and it forms an intraloop disulfide bond with Cys139, making an 11-atom ring that is proposed to rigidify the active site. In contrast, PatGmac's Cys685-Cys724 disulfide bond bridges two loops, one of which connects β4 to α6 adjacent to the active site ( Supplementary  Fig. 1c) . As a result, Phe684 and Arg686 pack against the side chain of Met660, completely filling the substrate-binding pockets at positions S4 and S3. The Cys823-Cys834 disulfide bond links the ends of the loop that connects α8 to α9 at the C terminus of the domain and is distant from the active site. npg a r t i c l e s
PatGmac substrate complex
The VPAPIPFPAYDG peptide was chosen to match the residues equivalent to substrate positions P8-P4′, the eight-residue cassette and four-residue C-terminal macrocyclization signature. The proline residues were chosen to mimic the heterocycles of the natural substrate, and the peptide can in fact be macrocyclized by PatGmac, albeit slowly. The structure of the complex of PatGmacH618A (an inactive mutant) with peptide was determined at 2.63 Å by molecular replacement using PatGmac native as a search model ( Table 1) . The difference electron density for bound peptide in the active site of one protomer was unambiguous for PIPFPAYDG (P5-P4′) (Fig. 2b) . The refined model (PDB 4AKT) contains residues 514-686, 694-719, 727-747, 754-823 and 833-851 in chain A and residues 515-651, 657-688 and 692-851 in chain B. Substrate positions P5 (proline) and P4 (isoleucine) make no contact with the protein, whereas position P3 (proline) has weak van der Waals interactions with Tyr210. Position P2 (phenylalanine) also makes limited van der Waals contacts, and the side chain sits in a shallow pocket (Fig. 2c,d ). The proline of position P1 adopts a cis peptide conformation, and the side chain makes van der Waals contacts with His618 (mutated alanine in complex) and Val622. The carbonyl of the P1-P1′ peptide is 4.3 Å from, and correctly oriented for nucleophilic attack by, the hydroxyl of Ser783. The side chain of Met784 sits on this face of the carbonyl, and the side chain of the absolutely conserved Asn717 points toward the opposite face in the correct position to stabilize the tetrahedral intermediate. The P1′ alanine Cα and side chain make only a few hydrophobic interactions, including contacts with Met784 and the protein backbone. It sits in a cavity that appears to be large enough for bulkier residues. The P2′ (tyrosine) residue makes extensive contacts with the protein: a π-stacking interaction with the highly conserved Phe747, a hydrogen bond to His746 (conserved as histidine or lysine in homologs) and a hydrogen bond between the tyrosine main chain oxygen and the nitrogen of Thr780 (Fig. 2c) . The side chain of P3′ (aspartate) is oriented toward a large electropositive patch created by Arg589, Lys594 and Lys598. It makes a salt bridge with Lys598 and possibly Lys594, though the side chain of Lys594 is not well ordered (Fig. 2c) . The P4′ glycine residue makes no contact with the protein, although the terminal carboxyl group is close to Lys594. The binding of the peptide is accompanied by changes in PatGmac at Phe684, as the main chain moves 2 Å at the Cα position to avoid a clash with the substrate.
Biochemical characterization of macrocyclization
The peptide VGAGIGFPAYDG was used as a substrate for PatGmac in biochemical assays (Fig. 1c) . The ratio of macrocyclized to linear product using this substrate peptide was determined by ion counts obtained from liquid-chromatography electrospray-ionization mass spectrometry (LC-ESI MS). For native protein, only macrocyclized product (cycloVGAGIGFP) was detected ( Table 2 , Fig. 3a and Supplementary Fig. 3a) . 
PatGmac is a slow enzyme; turnover rates reported to date are ~1 per day 14, 15 . Increasing the NaCl concentration from 150 mM to 500 mM improved rates by more than an order of magnitude. Increasing the pH from 8 to 9 further tripled the rate. Adding DMSO gave a small increase in rate but shifted the optimum pH; thus, a buffer containing 500 mM NaCl and 5% DMSO at pH 8 gave a reaction rate over 50 times greater (Supplementary Fig. 4 ). Under these conditions, about 7% linearized VGAGIGFP byproduct was observed, which could be separated from cycloVGAGIGFP by HPLC.
Mutants K594D and K598D as well as two deletion mutants, PatGmac∆1 (lacking residues 578-608, the helix-loop-helix insertion motif) and PatGmac∆2 (lacking residues 578-614, the helix-loop-helix insertion and the N-terminal extension of α4), consumed substrate at approximately the rate of native protein ( Fig. 3 and Supplementary  Fig. 3b ). For K594D, approximately one-third of the product was macrocyclized and two-thirds were linear peptide. K598D and both deletions gave only linear VGAGIGFP ( Fig. 3 and Supplementary  Fig. 3b) . The triple mutant R589D K594D K598D had a substantially slower catalytic rate and produced only linear substrate. All mutants purified normally and were folded, according to CD spectroscopy.
The substrate VGAGIGFPAYRG has a modified recognition sequence (aspartate to arginine); as expected, PatGmac wild type (and K594D and triple mutant R589D K594D K598D) reacted extremely slowly with this substrate, giving equal amounts of macrocyclized and linear products. PatGmac K598D produced cycloVGAGIGFP with only 8% linear product, at a rate over an order of magnitude faster than wild-type PatGmac with VGAGIGFPAYDG ( Supplementary  Fig. 5a,b) . The precise nature of the N terminus of the substrate influenced the rate, as VGAGIGFPAYRG was processed an order of magnitude faster than GVAGIGFPAYRG.
Mutants S783A and H618A (both affecting the catalytic triad) gave no detectable reaction. MS clearly identified an acyl-enzyme intermediate (ITAC Thn ITFC Thn -PatGmac) during turnover (Fig. 3d) .
DISCUSSION
The structure of PatGmac establishes that it belongs to the subtilisin class of proteases, possessing the characteristic catalytic Asp-His-Ser triad and core structure 22 . PatGmac cuts before an AYDG motif and macrocyclizes the preceding eight residues. Macrocyclization activity depends on Ser783 and His618; mutation of either residue inactivates the enzyme, pointing to an acyl-enzyme intermediate, which we have observed (Fig. 3d) . The complex structure shows that the P1-P1′ bond of the substrate is in the correct position for nucleophilic attack by Ser783, with Asn717 stabilizing the tetrahedral intermediate that would subsequently collapse to the classical acyl-enzyme intermediate. The P1 (proline) residue adopts a cis peptide conformation, kinking the substrate peptide chain so that the side chain of P2 (phenylalanine) points into a nonspecific shallow pocket (Fig. 2c) . As a result of the main chain kink, P3 and the preceding residues (P4 and P5) of the substrate point away from the protein surface. The nonspecific nature of the cavity that binds P2, and the lack of any additional contacts between PatGmac and the patellamide cassette, is consistent with npg a r t i c l e s the known lack of enzyme specificity for the cassette sequence 14, 15 . Substrate recognition by PatGmac is focused on substrate residues C terminal to the cleavage site, in direct contrast to subtilisin-like proteases, where recognition is focused on substrate peptide residues N terminal to the cleavage site 23 . Further, substrates in proteases almost uniformly adopt an extended (β-strand-like) conformation. The binding of a substrate in this extended conformation is actively prevented in PatGmac, as the S3 and S4 recognition sites are, in fact, blocked by the main and side chains of a protein loop, which is itself stabilized by a disulfide bond conserved in PatGmac homologs (Fig. 2c) . As a result, only a substrate whose P3 and P4 residues point away from the protein surface (thus making no recognition interaction) can bind to the protein. This bending away requires a cis peptide-like conformation between P2 and P1, which is energetically accessible only for proline (or for heterocyclized cysteine (thiazole or thiazoline) and serine or threonine (oxazoline) residues) 14 . For unmodified nonproline amino acids, the cis configuration would be too high in energy, and thus PatGmac cannot process such a substrate even though it possesses the AYDG macrocyclization signature. Neither alanine nor glycine contributes notably to binding of the macrocyclization signature. The P1′ (alanine) residue of the signature sits in an open pocket, and indeed signatures with serine in that location are known 15 . The glycine at P4′ makes no interaction with the protein, although larger side chains could clash with Lys594, consistent with the preference, but not requirement, for glycine. It is the two other residues of the signature that make clearly favorable interactions with the enzyme. The aromatic ring of tyrosine (P2′) makes extensive interactions with the protein, consistent with the high degree of conservation of this residue (though some sequences have a phenylalanine) in macrocyclization signatures 24 . The aspartate (P3′), which binds to two conserved lysine residues (Lys594 and Lys598; Supplementary Fig. 2) ), is also highly conserved (though in two substrates, glutamate is present in the signature) 25 .
To favor nucleophilic attack by the N terminus of the patellamide cassette over hydrolysis, it is essential for PatGmac to protect the acyl-enzyme intermediate from water. This protection must be efficient, given that no linear product is detected with our test substrate and native enzyme. PatGmac contains a large helix-loop-helix insertion adjacent to the active site, which results in the extension of the α4 helix and partial shielding of the active site and acyl-enzyme intermediate from water (Fig. 2d) . This macrocyclization insertion is present in all PatG homologs and varies in length between 35 and 50 residues; secondary-structure predictions suggest that the helixloop-helix motif is conserved (Supplementary Fig. 2 ). Removing the insertion by deletion mutation eliminates macrocyclization activity while retaining protease activity (hydrolysis), consistent with exposure of the acyl-enzyme intermediate to water.
The structure shows that the macrocyclization signature (AYDG) works together with the macrocyclization insert to complete the shielding of the acyl-enzyme intermediate from water (Fig. 2d) . This model would require that AYDG remain bound at the active site after cleavage. Point mutations designed to disrupt the interaction do indeed reduce (K594D) or abolish (K598D) macrocyclase activity while retaining protease activity ( Table 2 ). The more mobile K594D can rotate away from the S3′ site, minimizing the repulsive effect and thus retaining limited macrocyclization activity, whereas Lys594 is more conformationally restricted, and the effect of K598D mutation is consequently more profound (Fig. 3 and Table 2 ). This hypothesis predicts that a protein with reversed charge should process a macrocyclization signature with complementary charge swapped. The engineered PatGmac K598D mutant can indeed macrocyclize two peptides, containing an AYRG signature, that are not processed by wild-type enzyme, demonstrating the possibility of engineering in novel recognition elements.
A model of the acyl-enzyme intermediate with bound AYDG clearly shows that there is enough space around the alanine residue to allow it to move after cleavage and be positioned to attack the acyl-enzyme intermediate without clashing with PatGmac (Fig. 4a) . As long as the AYDG peptide remains at the enzyme active site, the acyl-enzyme intermediate will exist in equilibrium with uncleaved substrate (Fig. 4b) . This equilibrium exists for all proteases, but normally the rapid displacement of the cleaved portion by water drives the equilibrium to product. We propose that PatGmac retains the two product peptides (one anchored by the acyl-enzyme intermediate, the other anchored by salt bridge(s), hydrogen bonds and van der Waals interactions) at the active site, in equilibrium with uncleaved substrate, which is in turn in equilibrium with free substrate and enzyme. These equilibria would be disrupted only by the incoming N terminus of the cassette displacing the AYDG peptide, followed by the decomposition of the acyl-enzyme intermediate to give a macrocycle. In a chemical sense, the reaction is a transpeptidation. As already discussed, macrocyclization of polyketides by thioesterases proceeds via a thioester, rather than an ester, and operates on an activated substrate 20 . The sortase enzyme is a transpeptidase and is conceptually similar in that it attacks an unactivated peptide to form a thioester (in the first steps of the protease reaction). The covalent intermediate is decomposed by the peptide amino group to form a new peptide (or isopeptide) bond 26 . A third related enzyme class, the transglutaminase, forms a thioester intermediate, much as the protease does, but npg a r t i c l e s attacks a glutamine side chain rather than the peptide bond 27 . The intermediate is subsequently decomposed by an incoming amine nucleophile, forming a cross-link.
The PatG reaction is slow, but with optimization we have achieved rates that have been shown to be useful for other difficult reactions such as carbon-fluorine bond formation 28 . We note that previous work 29 has shown that a cassette containing all l-amino acids and oxazolines and thiazolines is preorganized with the N and C termini close together, favoring macrocyclization. Such substrates may be processed more quickly than the test substrates to which we have access. Our mechanism is supported by several pieces of data. The acyl-enzyme intermediate is observed under reaction conditions, indicating its stability. Mutations aimed at disrupting binding of the macrocyclization signature do not prevent formation of the acylenzyme intermediate but instead lead to linear hydrolyzed product, consistent with a shift in the equilibrium between bound AYDG and water molecules (Fig. 4b) . The nature of the side chain on the two N-terminal residues of the substrate does influence rate, as would be expected if the incoming N terminus docks to the protein. Raising the pH of the reaction increases the rate, consistent with increasing the amount of deprotonated incoming N terminus. It is possible, but remains untested, that His618 helps to deprotonate the incoming N terminus. The ability to accelerate the rate by almost two orders of magnitude by simple changes in buffer conditions greatly enhances the utility of the enzyme.
Cyanobactins are a large and diverse family of biologically active natural products synthesized and modified from ribosomally encoded peptides through a series of chemical transformations. PatGmac is the first subtilisin-like macrocyclase to be characterized, and the understanding of its mechanism and recognition requirements have allowed its rational re-engineering and improvement in rate. Opportunities for further engineering of the enzyme for use in biotransformation have been enabled by this work.
METhODS
Methods and any associated references are available in the online version of the paper.
Accession codes.
Coordinates have been deposited in the Protein Data Bank, with accession codes 4AKS (PatGmac) and 4AKT (PatGmac with peptide).
